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@ Adiabatic quantum computation (Adiabatic theorem)
H(t) = (1 — t)H, + tHf
4(0)) is an eigenstate of H;; |1/(1)) is an eigenstate of Hy.
@ Measurement-based (one-way) quantum computation (cluster states)
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Jordan-Wigner(J-W )Z5

 To simulate a system of fermions on a qguantum computer, we must choose a
representation of the ladder operators on the Hilbert space of the qubits.

* In other words, we must designate a set of qubit operators (matrices) which
satisfy the canonical anticommutation relations. Qubit operators are written
iterms of the Pauli matrices X ,Y and Z. Jordan-Wigner(J-W )Transformation
maps fermionic operators to qubit operators by the following rules:

1 .
dp = E(XP T IYP)ZI'“Zp — 1

= (10)11), 202, -
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+ al a, = 025X, X, +0.25j X,Y, —0.25] Y, X, + 0.25 Y, Y,
e a;a) =—0.25X,X, +0.25j X,Y, —0.25] Y, X, — 0.25Y,Y,
The molecular Hamiltonian of H, is

H =coT + c1(0og + 07) + c2(05 + 03) + c30305

40104 + c5(0504 + 0307) + c(0307 + 0303)

Tr_y_ Yy _z Yy . xr_ T Y
+ c7(030507{00 + 03050707)

T Ty Y Yy ro
— ¢7(0303010¢ + 03030707,

c; is coefficient related to h;; and h;jy



TrneE 7% (VQE)

» The Variational-Quantum-Eigensolver (VQE) 1Is a quantum-classical hybrid
algorithm that can be used to find eigenvalues of a matrix H. In this hybrid
algorithm a quantum subroutine is run inside of a classical optimization loop.

» The quantum subroutine has two fundamental steps:

1. Prepare the quantum state [ (vec(0)))|'\W(vec(0))), often called the ansatz.
2. Measure the expectation value (¥(vec(0))|H|'V'(vec(0))).

QPU CPU
; (H1)
erand  quantum module 1 >
: (H2)
—_—t quantum module 2
: (Hg)
—r—=e quantum module 3 —_—

Y Y
classical adder

quantum state preparation

]

: (H..\r)
- quantum module n >

L]

_________________________________________
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Gradient descent iterations: i+l — yt _ )/Vf(Xt)

Objective function

(the expectation value of H ): f (X) — XTHX
Assume X is a real vector Vf(X) = 2HX

Quantum version: |Xt+1 >—= |Xt > —)/H|Xt >

M <7
LCU form X0) = HIXY) = ) BHIX)
i=1
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) 0 1 © R Sucessful probability
— 1 P P, =|| HI|¢p(t)) I /MC~.
9) HY HY S S
¢
L & b r \

Figure 1. Quantum circuit of QCSH. Here, H is the Hadamard gate,
and Hg(ﬂ < k < M — 1) are the unitary operators composed of
Pauli operators.
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» Create Superposition.

The register is a composite system which contains a work system |x) and an m-qubit ancillary register |Yg) .

|P) = |s)ld) = Z o Bilk) ),

where C is a normalization constant

» Entanglement.
A series of ancillary system controlled operations ¥ n—,

) - Z Bilk)H{ 1)

|k)(k| X Hgare implemented on the work qubits.

» Combination.
we perform m Hadamard gates on ancillary register to combine all the wave functions from the M different subspaces. We

merely focus on the component in a subspace where the ancillary system is in state (.

Do)~ —— Z| 0)BiH 1)

cxfzm

» Measurement.
We measure the ancillary register. If we obtain 0, our algorithm succeeds and we obtain the work system in state.

|r) = HI| ).

=l HI|¢p(®) II* /MC?. Sucessful probability
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However, the measurements of expectation values during the iteration procedure will destroy the final state of
the work system, making our method difficult to realize. So, determine the iteration depth k in advance is
essential. After k times iterations, the approximation error is limited to (ignoring constants)

(1 =y, VT N
e < O({—'“}“‘;"\;] k = O f{;'ii'l_}
A=y o o
A1l and A2 are the two eigenvalues of largest absolute value of Hamiltonian H p. < 1 (Ad—1 — Ao)?
§ > ar M—1 y
M (25 —a0)? + 34 lonl?
70000 T rber of Gubits P> 3] (Ad—1 — Ao)?
60000 | s ,. M—1 :
AM (5 — a0)? + 37 o |?
50000 |
40000
300007 In the circumstances that the wavefunction is
20000+ expressed by O(N) Gaussian orbitals, Fermion
10000y Hamiltonians contain O(N*) second-quantized terms,
Of consequently qubit Hamiltonians with O(N*) Pauli

0 20000 40000 60000 80000 _ _
The dimension of the molecular system (N) terms. The qubit resource and gate complexity can be

reduced to O(N) and O(N*) respectively.

Figure 5: The number of qubits and basic gates required to simulate mo-
lecules with the dimension increasing.



07 and identity matrices others

Hly,) = (Hy +H') |y,) = E,|v,),

67 RS

zero. First order corrections can be simplified as

E,=EY (17)

H,, |

m) =0} = )|~y (18)
m¥*n ~m n

and second-order corrections can be rewritten as

E, = E(ﬂ} + Z |H:nn|2 (19)
n— =n 0 0
m#n Efﬂ]_E(}
\H.,, 12
|¢H>:|H>_ 0 l} 0 0 '*>
mZ:,mEfﬁj E{} zn;]( (0) E{}}g

(20)
H,,H,

mn- = kn
_I_
Z Z (E9 ~EO)E® -

m#n | k#n

m)
E)



—IRIAASEIHppr,

The matrix elements in the first and second-order approximations can be obtained by one time iteration of quantum circuit

in Fig.(1). Here, we let H be equal to H*. Explicitly, the first order approximation only involves H

’
min:

a series of transition

probabilities of the state after H' implemented on state |»), and they can be obtained by performing the quantum circuit of Fig.(1)

directly. For the second order approximation, matrix elements such as value |H,,,|* and H;,,H .can be calculated by H;,,. Then,

the approximate ground energy and ground state can be obtained by only one time iteration. H I H /
-

/
1
1
1
1
I
I
1
1
1
1
1

"o r Em r Em D oEm o o o omm o omm o mm o omm

\
I
I
I
I
i
)
I
1
I
I

-

+ Hy+...+ Hy,



SHERISES

* If we want to calculate the interatomic distance corresponding to the most
stable structure, the variation of interatomic distances is necessary.

* The lowest energy in potential-energy surfaces corresponds to the most stable
structure of the molecules.

* four examples are given to illustrate the performance of the perturbation
theory.
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e As shown in the picture, the ground-state energy of each molecule calculated
under the second-order approximation is already quite close to its exact value.

H,O

(a) Ha ® LiH
—74.6 Exact
——1.27
2 3 E,
E E—m- — El
3 5 1l —=74.7r\ First-order approximation —_—

Second-order approximation

77.8_

0.25 050 075 1.00 1.25 1.50 0.5 1.0 1.5 2.0 25 3.0 5
Interatomic distance(R) Interatomic distance(A)
(©) H>0 (d) NH5

Energy (hartree)
| | |

Energy (hartree)

0.8 1.0 1.2 1.4
Interatomic distance(A)

0.4 0.6 08 1.0 1.2 1.4 01 02 03 04 05 06
Interatomic distance(4&) Interatomic distance(A)

Figure : Theory result (blue lines), zero-order (orange lines), first-order (green lines) and second-order (red lines) energy
plots of outcomes from numerical simulations, for several interatomic distances for H.(a), LiH(b) , H.O(c), and NHs(d).
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Wei S J, Wei C, Lv P, et al. A qguantum algorithm for heat conduction with symmetrization[J]. Science Bulletin,

2023, 68(5): 494-502.[% —1E#]
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[ pip install pyquafu
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i : Installation Installation
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et up your Quafu account
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[ requirements.txt fix setup 4 months ago L AR 3 TG G

Submit your clrcult

i pip install pyquatu

Y setup.py fix-submit 3 months ago ::::"H‘;‘"::“ and eessure

Submit task asynchronously Set up your Quafu account
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kens . If you already have an account, execute the follow code to set up your account.

from quafu import User
user = User(}
user. save_apitoken(*<your APT token>"}

PyQuafu

You only need to save your token once and no longer need to execute above code when you use
quafu after, except you want to change your account.

Build your first quantum circuit

Xttt https://scg-cloud.github.io/

Initialize a circuit with 5 qubits

import nunpy as np
from guafu import QuantumCircuit
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